Abstract-The morphology of interpenetrating polymeric networks (IPNs) composed of the temperature-sensitive poly(N-isopropyl acrylamide) (PNIPAAm) and the pH-sensitive poly(methacrylic acid) (PMAA) were investigated by scanning electron microscopy (SEM). The IPN hydrogels were prepared by a sequential UV polymerization method. SEM studies were conducted on IPN hydrogel samples dried by different methods, and the in uence on the IPN structure was discussed. The environmental conditions induced morphological changes for these dual sensitive IPN hydrogels which were studied by cryogenic SEM, when the gels were analyzed in their wet state. The results showed that the porous size in the IPN was strongly in uenced by the environmental pH and temperature. Decrease in pH and increase in temperature resulted in signi cant pore size decrease for the swollen IPNs hydrogels.
INTRODUCTION
Numerous studies has been conducted on the stimuli-sensitiv e hydrogels that are able to respond to the changes in environmental conditions such as pH, temperature, ionic strength, and electromagnetic eld. Due to their drastic swelling and syneresis in response to environmental stimuli, these polymeric hydrogels have been investigated for many biomedical and pharmaceutical applications , including carriers for controlled drug delivery [1 -6] , membranes for molecular separation [7] , tissue culture substrates [8] , and systems to control enzymatic activity [9] . Among these 'intelligent' polymers, pH- [10 -12] and temperature-sensitiv e [5, 13 -15] hydrogels are the most widely investigated.
Work has also been done to combine the pH and temperature sensitivitie s by copolymerizing two monomers [4, 6, 16 -19] or forming interpenetrating polymer networks (IPNs) [20] [21] [22] [23] of these pH-sensitive and temperature-sensitiv e materials. By chain interpenetration , combination of properties from these two polymer networks can be attained [24, 25] . Since there is no chemical bonding between the two component networks, each network may retain its own property while the proportion of each network can be varied independentl y. Interpenetration of the two networks may also lead to a much higher mechanical strength with respect to the homopolymer network.
In this work, interpenetratin g polymer network (IPN) systems composed of poly(methacryli c acid) (PMAA) and poly(N -isopropyl acrylamide) (PNIPAAm) were synthesized. PMAA is an ionizable hydrophili c network. Its swelling behavior is pH-dependent due to the ionization / deionization of the carboxylic acid groups.
At pH values less than 5.5, the COOH groups are not ionized and keep the PMAA network is at its collapsed state. At high pH values, the COOH groups are ionized, and the charged COO groups repel each other, leading to PMAA swelling. PNIPAAm is a temperature-sensitiv e polymer which has the sharpest transition of the class of thermosensitive alkylacrylamide polymers [26] . Crosslinked PNIPAAm exhibits drastic swelling transition at its lower critical solution temperature (LCST) of 32 ± C. At temperatures lower than 32 ± C, the gel is swollen whereas at temperatures higher than 32 ± C, the gel dehydrates to the collapsed state due to the break down of the delicate hydrophilic / hydrophobic balance in the network structure.
EXPERIMENTAL

IPN synthesis
A sequential UV solution polymerization technique was used to prepare to IPNs. Since both N-isopropyl acrylamide (NIPAAm) (Fisher Scienti c, Pittsburgh, PA, USA) and methacrylic acid (MAA) (Aldrich, Milwaukee, WI, USA) can react with the same polymerization mechanism, a sequential method was used to avoid the formation of a PNIPAAm /PMAA copolymer. Polymer network I was prepared and puri ed, before polymer network II was synthesized in the presence of network I. Figure 1 shows a typical IPN structure.
Prior to the reaction, both monomers were puri ed to remove the impurities and reaction inhibitors. The monomer, NIPAAm, was recrystallized in benzene / hexane, while MAA was distilled under vacuum (54 ± C /25 mmHg) to remove the inhibitor, p-methoxyphenol. The initiator 2,2-dimethoxy-2-pheny l acetophenone (DMPA) (Aldrich, Milwaukee, WI, USA) and the cross-linkin g agent tetraethylene glycol dimethylacrylate (TEGDMA) (Polysciences, Inc., Warrington, PA, USA) were used as received. MAA was dissolved in methanol (Aldrich, Milwaukee, WI, USA) with 1 mol% of cross-linkin g agent and 1 wt% of initiator, DMPA. Nitrogen was bubbled through the monomer /solvent mixture for 20 min per 20 ml of reaction mixture to remove dissolved oxygen from the system, which is known as the radical scavenger. The solution was then cast between glass plates equipped with spacers and reacted under an UV source with an intensity of 1 mW cm ¡2 for 30 min. Following the polymerization of the rst network, the gels were cut into discs and washed for 5 days in deionized water to remove unreacted monomers and uncrosslinked oligomers. Then, the gels were dried rst in air at room temperature for 24 h and then in a vacuum for 1 week at 50 ± C. The dried polymer network I was then swollen to equilibrium in NIPAAm methanolic solution. The solution contained 1 mol% of TEGDMA and 1 wt% of DMPA. The swollen gel was UV polymerized to form the sequential IPN. The IPN was then washed in deionized water for 5 days and dried rst in air and then in a vacuum oven.
SEM studies
A JSM 35 CF scanning electron microscope was used for the SEM studies. We tried two drying methods for the polymer hydrogels, regular drying and critical point drying. Swollen hydrogel samples were cut into 2 cm £ 4 cm rectangular pieces, and placed in an aluminum pan and air-dried for 2 days before they were transferred to a vacuum oven of 50 ± C and dried for another 5 days. In addition, a critical point drying apparatus (LADD Critical Point Dryer) was used for hydrogel samples cut in to 2 cm £ 4 cm rectangular pieces, transferred to and equilibrated in a series of ethanol/ water solutions. The gels were equilibrated for 2 h before they were transferred to an ethanol/ water solution with 20 vol% of ethanol. After 2 h, the gels were transferred to another solution with higher concentration of ethanol. This procedure continued until the gels were equilibrated in 100% of ethanol, and then introduced to the critical point drier. Under high pressure and low temperature, liquid carbon dioxide replaced the ethanol in the hydrogels. At 31 ± C, the liquid carbon dioxide sublimed entirely. A gold coat was placed on the surface to enhance the conductivit y and electron emissivity of the sample.
Cryogenic SEM studies
Cryogenic SEM was also used in this study to investigate the IPN hydrogesl in their wet state and to illustrate the in uences of pH and temperature on the morphology of the IPNs. A scanning electron microscope (JEOL JSM-840) associated with a cooling and a temperature control system was used in the cryogenic SEM studies.
The hydrogel samples were equilibrated in solutions with speci c pH and temperature conditions before they were frozen by plunge cooling. The swollen samples (which were mounted on a sample holder) were plunged mechanically into liquid nitrogen. The frozen samples were then transferred to a chamber connected to the SEM column, where the temperature was controlled at ¡140 ± C by liquid nitrogen. Plasma coating was conducted also in the chamber before the sample was transferred onto the cold stage inside the SEM column. The operation condition in the column was high vacuum, except that the sample was mounted on the cold stage of ¡140 ± C, instead of room temperature.
RESULTS AND DISCUSSION
Results of conventional SEM by regular drying
Conventional SEM pictures were obtained for regular dried PMAA /PNIPAAm IPN hydrogels. Figure 2 shows a IPN sample prepared from 40 vol% of MAA methanolic solution (for the primary network) and 0.1 g ml ¡1 NIPAAm methanolic solution (for the secondary network), with 1 wt% of initiator, DMPA, and 1 mol% of cross-linking agent, TEGDMA, for each solution. The fractured surface of this IPN was rather weak and brittle. The behavior of this sample was similar to the behavior of a pure PMAA gel, which was due to the low PNIPAAm composition in the IPN. As the secondary monomer concentration increased to 0.4 g ml ¡1 , as shown in Fig. 3 , the sample surface became much stronger. On the other hand, the surface was not as at as that of Fig. 2 . Instead, it showed numerous topological details. At a fractured interface, this observation indicated a tougher or more rubbery material. The observations from Figs 4 and 5 were similar to that of Fig. 3 . These studies indicate that the increase of secondary network concentration results in a tougher material due to chain interpenetration. The fact that there are no signi cant morphological differences among Figs 3 -5 can be explained as the result of a saturation of PNIPAAm within the IPNs.
Conventional SEMs by critical point drying
Using critical point drying, the water inside the hydrogel was replaced by liquid carbon dioxide at low temperature and high pressure. When the temperature was slowly increased to its critical temperature, the liquid carbon dioxide inside the gel sublimed. Conventional SEM pictures were obtained for the critical point dried IPN samples with different compositions , as shown in Figs 6 and 7. The IPN sample in Fig. 6 has the same composition as the sample in Fig. 2 , while the sample in Fig. 7 is the same as the sample in Fig. 5 . The only difference between these samples is the drying method. Figures 6 and 7 were taken at a high magni cation of 54 000£, under voltage of 20 kV. The bar in the picture indicates a length of 0.1 ¹m. As we can see, the sample in Fig. 6 has a low secondary monomer concentration of 0.2 g ml ¡1 . The picture shows a loose structure. Small pores can be seen on the surface of the material. When the secondary monomer concentration increased to 0.8 g ml ¡1 , the material became much denser. The pore size of this material was in the range of 50 to over 200 Å in diameter. These pores were created during the drying process and they were once occupied by liquid carbon dioxide prior to the drying taking place. Critical point drying process greatly reduced the collapse in hydrogel structure.
Results of cryogenic SEM
Despite the results obtained from the conventional SEM, the fact that the samples must be dried to accommodate the high vacuum condition in the SEM column has greatly limited the application of SEM on polymer hydrogels and other biomaterials, which are always in their wet state. We used one of the alternative methods, cryogenic SEM. For the PMAA /PNIPAAm IPN hydrogels that we are interested in, cryogenic SEM allowed us to investigate the structure of the IPNs under various pH and temperature conditions by simply freezing the sample at a speci c pH or temperature state. This is a great advantage that the conventiona l SEM cannot achieve.
Cryogenic SEM pictures (Figs 4-16) were obtained for IPN samples prepared from 40 vol% of MAA methanolic solution (for the primary network) and 0.6 g ml at magni cation of 2700£, under a voltage of 5 kV. Figure 8 was taken at the edge of the sample. A water cell structure with a cell size gradient was detected on the sample. The cell size was small near to the edge and gradually increased as the cells moved away from the edge. The dark space inside the cell represents the frozen water, while the light surroundings of the cells represent the polymer. There were no cells detected on the edge of the sample. This was probably due to the water evaporation during the sample preparation. Moving away from the edge toward in bulk area, we obtained the structure shown in Fig. 9 . The right hand side of this picture is close to the edge while the left hand side is close to the bulk area of the sample. In this picture, the water cell size starts to decrease as it approaches the bulk area. As we moved further towards the bulk area, Fig. 10 was taken.
In Fig. 10 , the cell size started to decrease drastically and nally merged into the structure of the bulk area. The area between the edge and bulk area was about 50 -60 ¹m in thickness, while the total thickness of the sample was about 2 mm. This area, the 'skin layer', was about 2-3% of the total thickness of the sample.
The in uence of environmental pH on the IPN morphology was studied by cryogenic SEM. Figures 11 -13 were obtained from the bulk area of an IPN sample under different environmental pH values. From Figs 11 to 13 , the pH values of the samples are 7.4, 5.0, and 3.0, respectively. The temperature was kept at room temperature of 22 ± C. These pictures were taken at magni cation of 2700£, under a voltage of 5 kV. The bar indicates a length of 10 ¹m. We noticed that, as the pH increases, the pore sizes of the samples decreased drastically. At pH 7.4, the pore size was approximately in the range of 1 ¹m, as shown in Fig. 11 . This number decreases by hundreds of times when the pH changed to 3.0, as shown in Fig. 13 .
The in uence of environmental temperature on the IPN morphology was also studied by cryogenic SEM. Figures 14 -16 were obtained from the bulk area of an IPN sample under different environmental temperatures. From Figs 14 -16 , the equilibrium temperatures of the samples are 22, 32, and 37 ± C, respectively. The pH was kept constant at 7.4. As we can see from Figs 4-16, the pore sizes of the IPNs decrease as the temperature is increased. Figure 14 shows a pore size of approximately 1 ¹m at 22 ± C. The pore size decreased to 0.05-0.15 ¹m at 32 ± C and to an even lower value at 37 ± C. The cryogenic SEM studies of the IPNs under various environmental pH and temperature conditions have allowed us to actually see the morphology changes induced by environmental stimuli. This is extremely important in the research of the stimuli-sensitiv e hydrogels as well as other biomaterials drying is not desirable in sample preparation.
CONCLUSIONS
Scanning electron microscopy was used in the morphological studies of the PMAA / PNIPAAm IPNs. Both conventional SEM and cryogenic SEM experiments were carried out. In conventional SEM, IPN samples were dried and coated with thin gold layers to improve the conductivity. Different methods were used in the drying process including regular drying and critical point drying. SEM micrographs of IPNs were compared based on the secondary network concentration and drying methods. The results showed that a higher secondary network concentration resulted in a tougher material. Using critical point drying, the microstructure of the material was better retained during the drying process, thus, the sample revealed a more detailed microporous structure.
In order to visualize the IPN morphological behavior in its swollen state, an new approach, cryogenic SEM, was used on the IPN samples. IPN samples were frozen in their swollen state by liquid nitrogen and investigate d on a cold stage in the SEM column. The pH and temperature in uence on the IPN morphology was studied. The results showed that a decrease in pH and increase in temperature resulted in a drastic decrease in the pore size of the IPNs. A phase separated thin 'skin layer' was observed in the swollen state of the IPN samples. However, the bulk part of the swollen IPN showed no sign of signi cant phase separation.
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